Background: Post-transcriptional gene regulation is one of the critical layers of overall gene expression programs and microRNAs (miRNAs) play an indispensable role in this process by guiding cleavage on the messenger RNA targets. The transcriptome-wide cleavages on the target transcripts can be identified by analyzing the degradome or PARE or GMUCT libraries. However, high-throughput sequencing of PARE or degradome libraries using Illumina platform, a widely used platform, is not so straightforward. Moreover, the currently used degradome or PARE methods utilize MmeI restriction site in the 5′ RNA adapter and the resulting fragments are only 20-nt long, which often poses difficulty in distinguishing between the members of the same target gene family or distinguishing miRNA biogenesis intermediates from the primary miRNA transcripts belonging to the same miRNA family. Consequently, developing a method which can generate longer fragments from the PARE or degradome libraries which can also be sequenced easily using Illumina platform is ideal.
Background
The regulation of gene expression is controlled at multiple levels and the mRNA degradation/decay is one of the important determinants in this process. The mRNA degradation pathway is highly conserved in eukaryotes, and is controlled by exonucleases that can cause either 5′ to 3′ or 3′ to 5′ decay [1] [2] [3] [4] . In addition, endonucleasedependent mRNA degradation which is guided by the small RNAs (miRNAs or siRNAs) emerged as yet another important conserved mRNA degradation pathways in higher eukaryotes [5, 6] . Plant miRNAs can cause degradation of the target mRNAs primarily by Argonaute (endonuclease)-mediated cleavage within the target site leaving a monophosphate at the 5′end of the 3′cleaved mRNA fragment [7, 8] . Because plant miRNAs can target mRNAs that possesses perfect or near-perfect complementarity, their targets can be largely predicted using computational approaches [9, 10] . However, false positive rate in such target predictions is high, therefore experimental validation is necessary. Modified 5′ RACE (Rapid Amplification of cDNA Ends) is widely used technique to map in vivo cleavage sites induced by miRNA [11] . However, this approach is time consuming, labor-intensive and costly. To overcome these limitations, methods such as the PARE (parallel analysis of RNA ends) [12, 13] , degradome [14] and GMUCT (genome-wide mapping of uncapped and cleaved transcripts) [15] that combine the 5′RACE and high throughput sequencing of short reads have been developed. GMUCT technique generates variable length fragments for sequencing [15, 16] , while, both PARE and degradome take advantage of MmeI digestion to generate consistent sized fragment (20-nt) (named as "tag" or "signature") derived from the 5′end of 3′cleaved product [8, 13, 14] . Detailed methodology of generating PARE or degradome libraries have been reported previously [12, 17] . Moreover, by incorporating index into the library construction that allows multiplexing of degradome libraries for Illumina HiSeq sequencing, the PARE or degradome library construction has been further improved [18] . However, sequencing of the degradome or PARE library in an Illumina sequencer is complicated to some degree and not as straightforward as sequencing of other TruSeq libraries such as the small RNA library. This is due to the fact that 5′RNA adaptor length is varied between these two different libraries, i.e., the 5′RNA adaptor (RA5) of small RNA library is slightly longer than that of degradome or PARE library. Therefore, a specific PARE sequencing primer has to be used for sequencing. Regrettably, this sequencing primer is not compatible with the standard Illumina TruSeq sequencing primer, thus ''SR_TubeStripHyb'' manual must be used during cluster generation [18] . Another notable drawback with the currently-used degradome or PARE protocols is that these libraries yield reads or tags that are only 20-nt long, which poses difficulty in distinguishing between the members of the same target gene family.
Besides identifying miRNA targets, degradome or PARE libraries have the potential to reveal miRNA biogenesis [8, 13, 19] . The degradome tag analysis was instrumental in revealing the loop-first processing of MIR319 hairpins in plants [19] . However, surprisingly a significant number of degradome reads obtained from Arabidopsis [13] , rice [8] , Physcomitrella patens [19] and mouse [20] correspond to mature miRNAs suggesting that some of the miRNAs have been captured in degradome libraries. This could be due to adenylation of the mature miRNAs [21] , or incomplete DCL1 cleavage (cleavage only at one arm of the hairpin of pri-miRNA), or loop-first cleavage during miRNA processing. This perplexity is largely due to similar size between mature miRNA reads and degradome reads. Therefore, generation of PARE or degradome tags longer than the length of canonical miRNA/miRNA* will not only improve accuracy in identifying miRNA targets but also in distinguishing between mature miRNA reads versus degradome reads. Additionally, the longer degradome read length can help in understanding the process of miRNA biogenesis. Although a restriction enzyme (EcoP15I) that can generate ~ 27-nt long reads was previously used in degradome libraries, the developed method was suitable for sequencing using Applied Biosystems SOLiD sequencing platform [19] . Given the advantages of Illumina sequencing, a detailed methodology that combines the use of EcoP15I and Illumina HiSeq sequencing platform is ideal. Indeed Zhai et al. [18] has modified the degradome protocol to suit to Illumina HiSeq platform but again MmeI restriction site was used in the RNA adapter. In this improved degradome or PARE protocol, longer read lengths are generated by using EcoP15I and the resulting libraries can be sequenced easily using Illumina sequencer (Fig. 1 ). Using this improved method, we have successfully constructed and sequenced degradome libraries from rice samples. 
Materials

Reagents
TRIzol
Protocol
Total RNA sample preparation
The total RNA from plant tissues can be isolated using standard RNA isolation kits. We used TRIzol ® Reagent for isolating total RNA from rice seedling [17] . Briefly, 0.2 mg tissue was ground to fine powder and homogenized with 4 ml of TRIzol ® Reagent; after 5 min incubation at room temperature, 0.8 ml chloroform was added and mixed well; following centrifugation, the upper aqueous phase was transferred to a new tube, and 2 ml isopropanol was added to precipitate RNA; following centrifugation and 75% ethanol washing, RNA pellet was dissolved in DEPC H 2 O. RNA quality and integrity are critical to the success of degradome libraries construction, which can be assessed by running on an For sequencing purposes, the degradome library generated by this method can be treated as small RNA library and the resulting reads are ~ 27 nt long. The procedure includes: (1) poly(A) RNA isolation; (2) 5′RNA adapter ligation to uncapped poly(A) RNA with 5′ monophosphate; (3) reverse transcription to generate 1st strand cDNA using an oligo(dT)-tailed adapter (RT-primer); (4) second strand synthesis (1st PCR amplification); (5) EcoP15I digestion to generate ~ 27 nt long reads; (6) ligation of EcoP15I digestion products with a 3′ds-DNA adapter; (7) purification of ligation products on a PAGE gel; (8) degradome library enrichment (2nd PCR amplification); (9) purification of the final product on a PAGE gel; (10) library pooling and sequencing using Illumina HiSeq platform agarose gel, using a Nanodrop spectrophotometer or Agilent's Bioanalyzer. RNA integrity can be checked by electrophoresis on a 1% agarose gel. Using Nanodrop, RNA concentration can be checked, and contaminations in RNA samples can be indicated by A260/280 and A260/230 ratios, which should be close to 1.8 and 2.0, respectively. If using a Bioanalyzer, RNA with high Integrity Number (RIN > 8.0) score is preferred (RIN score ranges from 1 to 10 and RIN 10 indicates highly intact RNA).
Day 1 Poly(A) RNA purification
We use the ThermoFisher Dynabeads mRNA Purification Kit to purify poly(A) RNA, but other mRNA purification kits should work as well. The initial amount of total RNA can be varied from 30 to 200 μg, and usage of higher quantities of initial total RNA will reduce the number of PCR cycles during enrichment of the final degradome library. We used 100 μg, and the volume of reagents and Dynabeads ™ magnetic beads for poly(A) RNA purification were scaled based on the instructions (Thermofisher). 3. Incubate the ligation reaction at 37 °C for 1 h, and add 115 μl of DEPC-treated water to the ligation reaction and proceed immediately to the next step.
Purification of 5′RNA adapter ligated poly(A) RNA
Perform a 2nd round poly(A) RNA purification to remove the unincorporated 5′RNA adapter and purify 5′RNA adaptor ligated poly(A) RNA. To do this, repeat the steps described in section "Poly(A) RNA purification" with the exception that final mRNA is eluted in 26 μl of 10 mM Tris-HCl (pH 7.5). Transfer 25 μl RNA adaptor ligated poly(A) RNA to a thin-walled PCR tube.
First-stranded cDNA synthesis
SuperScript ™ II reverse transcriptase is used to synthesize the 1st strand cDNA. SuperScript ™ III and other reverse transcriptase can be used, and the components for the reverse transcription reaction should be adjusted accordingly. 
First PCR amplification
Use Platinum ® Taq DNA Polymerase High Fidelity to prepare the 2nd strand cDNA. If smear ranging from 500 to 2500 bp is visible (Additional file 1: Figure S1 ) which can indicate that the 5′RNA adaptor ligation and 1st strand cDNA synthesis worked well. Then proceed to the next step.
PCR product purification using MinElute PCR purification kit PCR product is purified according to the procedure of MinElute PCR Purification using a microcentrifuge (QIAGEN).
1. Combine the PCR reaction (90 μl) with 5 times volume of Buffer PB (450 μl) containing pH indicator. If the color of the mixture is orange or violet, add 10 μl of 3 M sodium acetate, and mix well. 2. Place a MinElute column in a 2 ml collection tube, and transfer the PCR/PB buffer mixture to the MinElute column and centrifuge at maximum speed for 1 min at room temperature. 3. Discard flow-through, and wash column by adding 750 μl buffer PE and centrifuge at maximum speed for 1 min. 4. Discard flow-through and centrifuge the column for an additional 1 min at maximum speed. 5. Put the column into a new 1.5 ml Eppendorf tube, add 12 μl water at the center of the membrane, let the column stand for 1 min, and then centrifuge for 1 min, repeat this step again. Transfer 22 μl elution to a new tube.
Digestion with EcoP15I
Set up the digestion reaction in the following sequence: (21 bp), but, the ligation band is not visible at this step, therefore, cut gel area corresponding to DNA ladder size between 70 and 90 bp and put it into a 0.5 ml tube with a hole (Fig. 2 ). 9. Centrifuge the gel pieces for 2 min at maximum speed; make sure all of gel pieces are in 2 ml tube. Otherwise, puncture more holes in the 0.5 ml tube and spin 1 min again. 10. Remove the 0.5 ml tube and add 400 μl H 2 O to the 2 ml tube. 11. Elute the ligation fragments overnight at 4 °C with gentle agitation.
Days 2 and 3
Concentrate the dsDNA adaptor ligated products by ethanol precipitation 2. Add 10 μl of 6× gel loading buffer to the final PCR reaction and load the PCR reaction into two wells. Meanwhile, load 50 bp, 1 kb DNA ladder at left and right side of the samples.
3. Run gel in 0.5× TBE buffer till good separation (120 V, 1 h). 4. While running the gel, prepare 0.5 ml tubes by puncturing one hole with a 21-gauge (21 G) needle at the bottom, and place it inside the 2 ml tubes. 5. Remove gel carefully and stain the gel using 50 ml of 0.5× TBE containing ethidium bromide for 5-10 min. 6. Visualize gel on transilluminator. The final PCR product should have a clear band near 150 bp DNA marker (Fig. 3a) . Excise the PCR product band and put the gel pieces into the punctured 0.5 ml tube. 7. Centrifuge the gel pieces for 2 min at maximum speed; make sure all of the gel pieces are in 2 ml tube. 8. Discard the 0.5 ml tube and add 400 μl H 2 O to the 2 ml tube. 9. Elute the degradome library overnight at 4 °C with gentle agitation. 10. Repeat the same precipitation procedure as step "Concentrate the dsDNA adaptor ligated products by ethanol precipitation" with the exception that the final pellet is dissolved in 15 μl nuclease-free water. Quality assessment of degradome library and Illumina sequencing 1. Determine the fragment size and purity of the degradome library using an Agilent Bioanalyzer High Sensitivity DNA chip. Optimal degradome library should have a tight fragment around 150 bp (Fig. 3b) . 2. Determine degradome library concentration by fluorometry (Qubit High Sensitivity Kit or Picogreen). 3. High throughput sequencing of degradome library.
The degradome library prepared using this method can be treated as small RNA library for sequencing with single-end 50 nt reads. Several degradome libraries can be pooled and multiplexed, like small RNA libraries.
Results and discussion
We aimed to improve the method for generating degradome libraries that can be easily sequenced using Illumina sequencer and can also yield longer read lengths. We generated degradome libraries of expected size of 150 bp (Fig. 3) . Using the small RNA library sequencing approach, we sequenced our degradome libraries that were of high quality (Additional file 2: Figure S2 ). The majority raw reads were 32-nt long, consisting of tag size of 27-nt, followed by 31-and 33-nt long raw reads, containing tags of 26-nt and 28-nt, respectively (Fig. 4) . We further examined quality of raw reads, and 99% raw reads began with "AGCAG" (Fig. 5) , which is derived from the nucleotides added to the 3′end of 5′RNA adaptor for (Fig. 4) , indicate the feasibility of usage of EcoP15I in degradome library generation. To identify plant miRNA targets, degradome data generated using this method can be analyzed using CleaveLand [22] or SeqTar [23] programs. The "AGCAG" signature need be trimmed from the raw reads prior to analyzing of the degradome reads. Tags corresponding to mature miRNAs have been reported in Arabidopsis, Rice, moss and mouse [8, 13, 19, 20] . Using SeqTar pipeline [23] , the degradome data from our previous study [8] and the present study was aligned to the precursors of the 22 evolutionary conserved miRNA families (miR156, miR159, miR160, miR162, miR164, miR166, miR167, miR168, miR169, miR171, miR172, miR319, miR390, miR393, miR394, miR395, miR396, miR397, miR398, miR399, miR408, and miR444). Sequence alignment of the 20-nt tags revealed that 48 precursors (32%) had more than 5 reads exactly mapped to the beginning sites of miRNA-5p, and many tags could be mapped to multiple mature miRNAs belonging to the same miRNA family, although it is unknown whether these tags were derived from the adenylated miRNAs or incomplete DCL1 cleavage during miRNA biogenesis. Similar mapping of the rice degradome data generated in this study showed that only precursors of miR167h, miR168a and miR169i have tags more than 5 reads (30, 38 and 22 reads, respectively) mapped to the beginning sites of miRNA-5p. We further analyzed the origin of the 20-nt tags mapped to mature miRNAs using the degradome data generated in this study, the outcome showed that the incomplete DCL1 cleavage on miRNA precursors is not common in rice. A 20-nt tag of TGC CTG GCT CCC TGT ATG CC with 52 reads could be simultaneously mapped to the beginning site of miR164a, b, d and f (Fig. 6a , Additional file 3: Figure S3 ). If this tag was generated from DCL1 incomplete cleavage during miRNA biogenesis, the corresponding 27-nt tags from precursors of miR164a, b, d and f will be different from each other (Fig. 6a ) and no such mapped tags were found in the 27-nt degradome data; if this tag was derived from miRNA164 adenylation, the corresponding 27-nt tags generated using this modified method cannot be mapped to the miR164 precursors. Indeed, we found 27-nt tags containing the 20-nt tag TGC CTG GCT CCC TGT ATG CC which were largely derived from miR164 adenylation (Fig. 6b) . Similarly, a 20-nt tag of TGA AGC TGC CAG CAT GAT CT with a frequency of 25 reads could be mapped to the beginning sites of miR167a, b, c, d, e, f, g, h, i and j (Fig. 6c , Additional file 4: Figure S4 ). Using the present method, we found that this tag can be generated from not only miRNA167 adenylation, but also from the incomplete cleavage of rice miR167h precursor (Fig. 6d) . These results clearly demonstrate that the 27-nt tags generated by the modified method can enhance the mapping accuracy of the reads.
Compared with the previous PARE protocol [18] , the modifications included in this protocol are as follows: (1) altered 5′RNA adaptor: 5′RNA adaptor sequence in the previous protocol is 5′GUU CAG AGU UCU ACAG UCC GAC -3′, which contains MmeI recognition site (underlined), and our modified 5′RNA adaptor sequence is Fig. 4 Size distribution of the raw data generated from a rice degradome library Fig. 5 Per base sequence content of the raw reads from a rice degradome library. "AGCAG" is the signature sequence derived from 5′RNA adaptor and should be trimmed prior to the bioinformatics analysis 5′GUU CAG AGU UCU ACAG UCC GAC GAU CAGCAG 3′, which is longer (italics) than previous adaptor and contains the additional recognition site of EcoP15I (italics and underlined). (2) Agencourt ® AMPure ® XP (Beckman-Coulter) is convenient to purify 1st round PCR product when multiple PARE libraries are constructed, but we used MinElute ® PCR purification kit (QIAGEN) to purify, which is quick and convenient for purifying PCR products when only a few samples are handled. Other brand PCR purification kits should work well too. (3) altered 3′dsDNA adapter: previously used top sequence: 5′ TGG AAT TCT CGG GTG CCA AGG 3′, and bottom: 5′ CCT TGG CAC CCG AGA ATT CCANN 3′; while the altered 3′ dsDNA adapter sequences are as follows (top) 5′ NNTGG AAT TCT CGG GTG CCA AGG 3′, and (bottom) 5′ CCT TGG CAC CCG AGA ATT CCA 3′. (4) altered final 5′ PCR primer: previously used primer sequence is 5′ AAT GAT ACG GCG ACC ACC GAC AGG TTC AGA GTT CTA CAG TCC GA 3′, however, RP1 from TruSeq ® Small RNA Sample Prep Kit is used as final 5′ primer in this protocol. (5) previous PARE method generates degradome libraries of 128 bp with tags of 20-nt, whereas this method generates the final libraries of 150 bp with tags of 26-to 28-nt, mainly 27-nt. (6) Illumina HiSeq sequencing of PARE library prepared by previous method must use PARE specific sequencing primer: 5′ CCA CCG ACA GGT TCA GAG TTC TAC AGT CCG AC 3′; The degradome library generated using this modified method can be sequenced in the same way as small RNA library, which is easier and more convenient. Therefore, degradome libraries generated using present method can even be pooled with small RNA libraries for sequencing. Even if the same index is used in both the libraries, i.e., degradome library and small RNA library, these libraries can still be pooled for sequencing, because degradome reads contain the "AGCAG" sequence signature that can be used to distinguish reads derived from degradome library rather than from small RNA library.
Conclusions
Here, we present a modified protocol for construction of degradome libraries, which can be used for studying degraded mRNAs with free 5′ monophosphates and poly(A) tail. Like previous methods [18] , the entire protocol can be completed within 3 days. However, due to the introduction of EcoP15I recognition site at the 3′end of 5′RNA adaptor of TruSeq small RNA library (RA5), the generated tag is ~ 27-nt long. This facilitates a better accuracy in mapping the reads. The introduced Fig. 6 The modified method can improve the mapping accuracy of the sequencing reads. a, c Alignment of partial rice miR164 and miR167 family precursors (Red letters denote different nucleotides among these miRNA members). The 20-nt tags generated using previous method can be mapped to multiple genes, while the 27-nt tags generated from these genes using the present method can distinguish those differences easily. b, d Tag sequences and frequency obtained from the modified method which contain mature miR164 and miR167 sequence (red letters denote detected nucleotides at mature miRNA end, and the sequence with * indicates this tag derived from miR167 h precursor. Mature miRNA sequences are underlined)
